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Abstract: The research area of plasmonics promises devices with ultrasmall footprint operating 
at ultrafast speeds and with lower energy consumption compared to conventional electronics. 
These devices will operate with light and bridge the gap between microscale dielectric photonic 
systems and nanoscale electronics. Recent research advancements in nanotechnology and optics 
have led to the creation of a plethora of new plasmonic designs. Among the most promising are 
nanoscale antennas operating at optical frequencies, called nanoantennas. Plasmonic 
nanoantennas can provide enhanced and controllable light-matter interactions and strong 
coupling between far-field radiation and localized sources at the nanoscale. After a brief 
introduction of several plasmonic nanoantenna designs and their well-established radio-
frequency antenna counterparts, we review several linear and nonlinear applications of different 
nanoantenna configurations. In particular, the possibility to tune the scattering response of linear 
nanoantennas and create robust optical wireless links is presented. In addition, the nonlinear and 
photodynamic responses of different linear and nonlinear nanoantenna systems are reported. 
Several future optical devices are envisioned based on these plasmonic nanoantenna 
configurations, such as low-power nanoswitches, compact ultrafast light sources, nanosensors 
and efficient energy harvesting systems. 
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1 Introduction 
Antennas are usually referred to transducers which can convert electrical power into propagating 
electromagnetic waves and vice versa [1, 2]. Owing to the fundamental importance of this 
functionality, their use at microwave and radio frequencies (RF) is applied in several devices 
around us. Their design has seen major developments starting from the invention of wireless 
telegraphy by Marconi around the turn of 19th century. During the past decades, the rapid 
development of electronics and wireless communications led to greater demand for wireless 
devices that can operate at different frequency bands, such as mobile telecommunications 
systems, Bluetooth devices, wireless local area networks, and satellite communications. 
Additionally, several communication devices, e.g. cell phones, demand the antenna apparatus to 
be very compact and confined in an ultrasmall dimensional footprint [3-11]. These two 
requirements have triggered extensive research on the design of compact and complex antenna 
designs for RF and microwave frequency applications. 
On a different context, recent developments in nanoscale optical systems have generated 
a major interest in the optical counterpart of the well-established RF/microwave antennas, the so-
called plasmonic nanoantennas. The design of these metallic nanoantennas is different from the 
well-established RF/microwave antennas in two important aspects. First, the assumption of 
metals behaving as perfect electrical conductors (PEC), which is usually followed in microwave 
frequencies, is no longer valid at optical frequencies. The electric fields can penetrate inside 
metals at this high frequency regime and the Ohmic losses are substantially higher compared to 
microwave frequencies. Second, metallic and dielectric interfaces can sustain surface plasmon 
polaritons (SPP) waves in the visible confined at nanoscale regions [12, 13]. Therefore, the 
response of the aforementioned optical plasmonic nanoantenna structures is drastically different 
compared to their microwave counterparts. The most notable example among these differences is 
the strong field confinement obtained at the subwavelength nanogap region of metallic 
nanoantennas. This nanogap region can be used as feeding or receiving point of the nanoantenna 
system [14]. Additionally, new physical phenomena arise at nanoscale light-matter interaction 
regions. Their theoretical study requires the development of new analytical and modeling tools to 
account for deviations from the classical RF antenna theory to the optical and quantum response 
of plasmonic nanoantennas. As a result, serious efforts have been recently devoted to extend the 
well-established and thoroughly studied concepts of radio frequency antennas to their optical 
counterparts [15-22].  
 
 
 
 2 Comparison between RF and optical antennas 
 
Figures 1a-1b, 2a-2b, and 3a-3b demonstrate a schematic comparison between radio 
frequency antennas [7, 23] and their optical nanoscale counterparts [24, 25]. In general, RF 
antennas have dimensions on the order of several centimeters. They are extremely important 
devices in modern wireless communications. On the other hand, optical nanoantennas, with 
typical dimensions on the order of a few hundred nanometers, have several important optical 
applications due to their ability to achieve extremely high field values localized in 
subwavelength “hotspots”. 
 
 
Figure 1. Examples of bowtie (a) RF planar antenna [23] and (b) optical nanoantenna [24]. (c) 
The intensity enhancement of the bowtie nanoantenna shown in (b) [25]. The scale bar in this 
caption is 100nm. 
  
An example of a broadband planar RF bowtie antenna is shown in Figure 1a [23]. 
Drawing inspiration from its radio-frequency counterpart, the optical bowtie nanoantenna is 
presented in Figure 1b. It is made of two gold nanotriangles separated by an ultrasmall nanogap 
(30nm) [26]. Figure 1c demonstrates the field intensity enhancement localized in the gap region 
of this bowtie nanoantenna. The field enhancement was calculated with full-wave 
electromagnetic simulations [24]. Very strong field intensity is obtained which is localized in the 
nanogap region of the nanoantenna. Metallic bowtie nanoantennas can be used to significantly 
improve the coupling mismatch between external light radiation and nanoscale emitters or 
receivers placed at the nanogap [26]. However, the fabrication and characterization of these 
optical nanoantennas is challenging because of their ultrasmall nanoscale dimensions. 
Furthermore, the high Ohmic losses of metals at optical frequencies pose another severe 
limitation in their realistic applications. It is interesting that RF bowtie planar antennas have the 
advantage of broad bandwidth compared to other well-established RF antennas, such as dipoles 
[2]. On the other hand, bowtie nanoantennas are more narrowband compared to nanodipoles at 
optical frequencies [24, 26].  
Yagi Uda RF and optical antenna designs are presented in Figure 2 [25, 27]. In general, 
Yagi Uda RF antennas are built by multiple antenna elements out of which one feed element is 
connected to the transmitter source or receiver circuit [2]. They can achieve strong directivity 
and are ideal candidates for long-range communication systems. The phase shift of their antenna 
elements is adjusted so that constructive interference exists only in the forward direction and not 
in any other direction. They are usually terminated by one reflector element, which is longer than 
the emitted radiation’s wavelength λ, in order to achieve inductive operation at the back side of 
their geometry. The phase of the current traveling along the reflector lags the voltage induced in 
it and, as a result, its impedance is inductive. The reflector is always placed at the back side to 
reduce the backward and enhance the forward direction radiation. The other multiple antenna 
elements act as radiation directors. They have shorter dimensions than the emitted wavelength . 
These directors operate as capacitors in order to improve the radiation focus in the forward 
direction. The phase of the current along each director leads the phase of the voltage induced in 
it. This type of phase distribution across the array of directors leads to constructive interference 
and ultimately the phase progression of the radiation. The distance between each director 
element is 0.3λ. In addition, the distance between the feed and reflector is 0.25λ to improve the 
directivity [2, 27]. This complex antenna configuration can provide substantial increase in 
directivity compared to a simple dipole.  
 
 
 
Figure 2. Example of Yagi Uda (a) RF antenna [27] and (b) optical nanoantenna [25]. (c) 
Angular radiation pattern measured (black) and theoretical (red) of the Yagi Uda nanoantenna 
shown in (b) [25]. 
 
To realize a Yagi Uda nanoantenna operating at optical frequencies, five gold nanorods 
are employed as its elements and are placed over a glass substrate (Figure 2b) [25]. Three of 
them are used as directors, one is the feed element and one is the reflector. The feed element is 
driven by a quantum dot emitter [25], which ordinary has a pure dipolar radiation pattern. The 
plasmonic reflector is inductively detuned to reduce the backward optical radiation. The directors 
are capacitively detuned to direct the optical wave in the forward direction [25]. The positions of 
these elements are kept in such a way that the traveling wave is always pointed towards the 
directors. The angular radiation pattern of the Yagi Uda nanoantenna is presented in Figure 2c. It 
can be clearly seen that it is a very directional optical nanoantenna [25].  
Next, examples of an RF microstrip patch antenna and an optical patch nanoantenna are 
presented in Figure 3. Specifically, the geometry of the microstrip patch antenna is shown in 
Figure 3a and its radiation pattern measured at 1.41GHz is presented in Figure 3c [7]. It is 
composed of a 56.4 ×56.4mm2 square metallic patch placed over a 1.5mm dielectric substrate. 
The substrate is terminated by a 1mm thick ground plane. Microstrip patch antennas have the 
advantages of small size, ease of fabrication and low cost, which make them ideal candidates to 
build compact printed antennas at radio frequencies [3]. They also have few disadvantages, such 
as moderate gain and narrow bandwidth. Their disadvantages can be overcome by incorporating 
in their geometry metallic meander elements, inductive slots and metamaterials [7]. The 
bandwidth of microstrip patch antennas can be increased by mounting the metallic patch on a 
ground plane with a thicker dielectric spacer [3-5]. 
In visible frequencies, the optical counterpart of the RF patch antenna is the nanopatch 
antenna, which consists of a silver nanocube placed over a gold film separated by a thin 
dielectric layer [28-30]. The geometry of this nanoantenna configuration is presented in Figure 
3b and its directional radiation pattern is shown in Figure 3d. The nanocube’s side length ranges 
between 65-95nm and the gap size can range from 5-15nm in this design, as it is presented in 
Figure 3b. At the resonant frequency, a localized plasmon mode is formed inside the nanogap of 
this nanoantenna [28-30] and the dominant electric field component in this region is oriented 
towards the normal z direction (Figure 3b). This particular nanopatch antenna can have field 
enhancement with maximum values approaching 100 for 5nm gap and 80nm nanocube side 
length. The resonance of this nanoantenna can be easily tuned from 500nm to 900nm by varying 
the nanocube size or the nanogap thickness [29, 30]. Note that the nanopatch antenna is less 
directional, as it is demonstrated in Figure 3d, compared to the multi element Yagi Uda 
nanoantenna presented in Figure 2c, in a similar way to their RF antenna counterparts.  
 
 Figure 3. (a) RF microstrip patch antenna [7]. (b) Nanopatch antenna built by a gold film 
coupled to a silver nanocube. The maximum field enhancement is confined at the nanogap of this 
configuration [28]. (c) Radiation pattern of the RF microstrip patch antenna shown in (a) [7]. (d) 
Simulated (black) and measured (red) radiation patterns of the optical nanopatch antenna shown 
in (b) [28]. 
 
3 Optical plasmonic nanoantennas 
 
Different scientific communities will benefit from the field of optical nanoantennas, as it holds 
the potential for unprecedented subwavelength light matter interactions, strong coupling between 
far-field radiation and localized sources at the nanoscale, as well as the exciting possibilities of 
realizing efficient wireless links between optical nanocircuit components. In the following, we 
will review several linear, nonlinear and photodynamic optical plasmonic nanoantenna 
configurations. We will also present tunable and reconfigurable nanoantenna designs. 
 
3.1 Linear nanoantennas 
 
Usually, RF and optical antennas have linear, reciprocal and passive response. RF dipole 
antennas are the simplest and most widely used type among the linear antenna configurations. 
Figure 4a depicts a thin cylindrical RF dipole antenna with height h, cylindrical cable radius r (r 
<< h) and gap thickness g. Its cables thickness is much smaller compared to the received or 
transmitted radiation wavelength (λ>>diameter of conductive cables). The height of this antenna 
is given by the relation h≈λ/2, where λ is the free space wavelength.  
The optical counterpart of the well-established RF dipole antenna is shown in Figure 4b. 
It is composed of two plasmonic metallic nanorods separated by a nanogap, where inductive or 
capacitive nanoloads can be placed to achieve tunable performance and impedance matching to 
the incident radiation. Note that theoretical and experimental studies of different optical 
nanodipole configurations have been presented by many research groups during the recent years 
[17, 31-42]. The dimensions of the current nanodipole antenna are: h = 110nm, r = 5nm and g = 
3nm. Interestingly, the height h of the nanodipole antenna at its resonant frequency 356THz, 
which corresponds to an approximate wavelength λ=840nm, is considerably shorter than one-
half of the incident light’s wavelength [15]. This is in contradiction with classical RF antenna 
theory. In traditional dipole antenna designs, the antenna length is directly related to the 
wavelength of radiation with the relation h≈λ/2. However, this formalism cannot be applied at 
optical frequencies because in this case the incident radiation is not entirely reflected from the 
metallic nanorods surface. The radiation penetrates into the metal and gives rise to free electron 
oscillations along this surface. Hence, nanoantennas operating at optical frequencies no longer 
directly respond to the external incident radiation’s wavelength λ. Their dimensions depend on a 
shorter effective wavelength λeff < λ that can be calculated by the nanoantenna’s material 
properties. The simple linear scaling law for this effective wavelength had been derived in [15] 
and is given by: 
 
λ𝑒𝑓𝑓 = n1 +  n2 [
λ
λp
],          (1) 
 
where λp is the plasma wavelength of the nanoantenna metallic material and n1 and n2 are two 
coefficients with length dimensions that depend on the antenna geometry and the material 
properties. 
 
 Figure 4. (a) RF dipole antenna loaded with lumped circuit elements. (b) Plasmonic nanodipole 
antenna loaded with inductive and capacitive nanoloads. (c) Input (dashed line) and dipole (solid 
line) complex impedances of the nanodipole shown in (b) [31]. 
 
 Another interesting property of the RF dipole antenna is that its resonant frequency can 
be tuned by loading lumped circuit elements in the gap region, as it can be seen in Figure 4a. The 
translation of the tunable antenna concepts to the optical frequency regime is challenging but it 
can be done by incorporating lumped nanocircuit elements [17, 31]. The tuning of the dipole 
nanoantenna optical response can be achieved by adjusting the inductive and capacitive 
properties of its nanogap, similar to the tunable mechanisms used at RF dipole antennas [31]. 
Nanocircuit elements in the form of nanodisks can be used for this purpose, as it is shown in 
Figure 4b. They can be built by different materials like silver, gold or silicon. In general, metals 
(silver and gold) behave as nanoinductors and dielectrics (silicon) as nanocapacitors at optical 
frequencies [43]. The change in inductance and capacitance will lead to a change at the resonant 
frequency or, equivalently, wavelength of the optical nanoantenna. The radius of the nanodipole 
(r) is much smaller compared to the height (h) of the nanoantenna. The gap thickness is g and it 
is shown in Figure 4b. The impedance of a nanodisk with height t, diameter 2a and material 
permittivity ε, when excited by an electric field at frequency w, polarized parallel to its axis, is 
given by [31]: 
 
𝑍𝑑𝑖𝑠𝑘 =
𝑖𝑡
𝑤𝜀𝜋𝑎2
.    (2)           
 
The input impedance of the nanoantenna system shown in Figure 4b is Zin = Rin - iXin, 
where Rin and Xin are the input resistance and reactance, respectively. The intrinsic dipole 
impedance is Zdip = Rdip - iXdip, where Rdip and Xdip are the dipole’s resistance and reactance, 
respectively, when no material is placed at the nanogap region. The gap impedance is Zgap can be 
calculated using Eq. (2). Then, it can be properly de-embedded from the value of Zin to evaluate 
the intrinsic dipole impedance Zdip. For a silver nanodipole with dimensions h = 110nm, r = 5nm 
and g = 3nm, Zin (dashed lines) and Zdip (solid lines) are computed and presented in Figure 4c. 
The intrinsic dipole impedance Zdip is found to be resonant around 356 THz. The zero value of 
Xdip also arises at this resonant frequency point, which is near the height size condition h≈λeff/2 
with λeff < λ. This is consistent to the wavelength shortening effect in plasmonic nanoantennas, 
which was explained in previous paragraphs [15]. The effective wavelength is shortened to a 
much smaller value than the free space wavelength. 
 Materials with different permittivities can be placed at the nanogap and can be used as 
nanoloads to tune the resonance of the nanodipole antenna. Moreover, series and parallel 
combinations of these different nanoloads can be employed to further tailor and control the 
resonance of the nanodipole antenna. The resonant electric field response measured at the side of 
the nanodipole is shown in Figure 5a when the nanogap is filled with different nanoload 
materials, such as silver, gold, silicon, SiO2 and Si3N4. Figure 5b presents the resonant electric 
field response of the nanodipole when the nanogap is filled with series and parallel nanoload 
combinations. Strong tunability in the resonant frequency of the nanodipole is obtained for all 
the loading cases shown in Figure 5. Two cylindrical nanodisk materials are assumed to be in 
series when they share a common interface, have the same radius rin, and the excited electric 
field is normal to their common interface. Moreover, cylindrical nanoloads can be combined in a 
concentric way and create parallel loads in the nanogap. In the parallel configuration, the excited 
electric field is tangential to their common concentric interface. This is equivalent to the case of 
two parallel circuit elements, where both of them experience the same voltage drop at their 
edges. The impedance of the parallel combination of two concentric cylindrical nanorods with 
their common interface of radius rin, total outer cell disk radius r, frequency w and gap g can be 
calculated by the parallel combination of the following impedances [31]: 
 
𝑍𝑖𝑛𝑛𝑒𝑟 𝑙𝑜𝑎𝑑 =
𝑖𝑔
𝑤𝜀𝜋𝑟𝑟𝑖𝑛2
 , 𝑍 𝑜𝑢𝑡𝑒𝑟 𝑙𝑜𝑎𝑑 =
𝑖𝑔
𝑤𝜀𝜋(𝑟2 − 𝑟𝑖𝑛
2
)
 ,         (3)  
 
where Zinner load  and Zouter load  represent the load impedances of the inner and outer cell concentric 
nanodisks.  
 
 
Figure 5. (a) Tunable electric field resonant response when the nanogap of the nanodipole 
shown in Figure 4b is loaded with different materials. (b) Tailoring the resonance of the 
nanodipole shown in Figure 4b using two nanoloads in parallel or series connection [31]. 
 
An alternative exciting application of linear nanoantennas is the potential to create 
ultrafast and broadband optical wireless communication channels. Nanoscale receiving and 
transmitting dipole antennas for wireless broadcast applications have been presented in [42]. The 
alternative configuration to these wireless channels is optical wired links which can be built by 
plasmonic metal-insulator-metal (MIM) waveguides. However, these MIM waveguides suffer 
from increased absorption along their metallic parts. Due to this severe limitation, they cannot 
provide long propagation distances at optical frequencies. To alleviate this problem, a nanoscale 
dipole nanoantenna wireless link shown in Figure 6a can be used instead of purely wired 
plasmonic waveguide channels. 
  
Figure 6. Wireless at the nanoscale: (a) Nanoscale wireless broadcast link with nanodipole 
antennas as transmitter and receiver. (b) Amplitude (top) and phase (bottom) of the magnetic 
field distribution for loaded (left) and unloaded (right) nanoantenna conditions [42]. 
 
Plasmonic waveguides act as feeds to the transmitting and receiving nanodipole antennas 
in the configuration shown in Figure 6a. The magnetic field distribution of the wireless link’s 
transmitter is computed with full-wave electromagnetic simulations and is presented in Figure 6b 
for loaded (left) and unloaded (right) nanoantennas. The unloaded configuration corresponds to 
the case when the nanogap of the nanoantenna is filled with air. In the loaded configuration, the 
nanogap is filled with appropriate nanodisk loads in order the nanodipole’s impedance to be 
tuned and matched to the surrounding free space. In the unloaded case, a substantial amount of 
the input power transmitted to the nanoantenna is reflected back to the feeding plasmonic 
waveguide. This is evident by the creation of strong standing waves at the feeding waveguide, as 
it can be seen in the right side of Figure 6b. This effect results in poor radiation performance. 
However, when the nanoantenna is loaded with appropriate nanodisks (loaded case shown in the 
left side in Figure 6b), excellent matching is achieved at the resonant frequency and the power 
transmitted from the plasmonic waveguide to the nanoantenna is efficiently radiated to free space 
with almost no back reflections. 
 
3.2 Nonlinear nanoantennas 
 
Until now, we have studied nanoantennas loaded with linear elements, such as nanoinductors and 
nanocapacitors, and their series and parallel combination. However, nanoantennas can also be 
loaded with nonlinear optical materials. In this configuration, boosted nonlinear functionalities 
can be achieved due to the strong confinement and enhancement of the far-field radiation at the 
nanoantenna’s gap, where the nonlinear material will be placed. The design principles of 
nonlinear optical antennas are based on the same rich physics of the well-established research 
area of nonlinear optics. The work in this promising research field originated in the pioneering 
experiment of second harmonic generation observed by illuminating nonlinear crystals [44]. It 
exploits the nonlinear relationship between electric field E and resulting nonlinear polarization P 
[45-46]: 
 
𝑃 =  𝜀0[𝜒
(1)𝐸 + 𝜒(2)𝐸2 + 𝜒(3)𝐸3 + ⋯ ] .                                (4) 
 
In Eq. (4), ε0 is the vacuum permittivity and χ(s) is the sth-order susceptibility of the nonlinear 
material. Numerous works by several researchers during the recent years have been dedicated to 
nonlinear nanoantennas, plasmonic metamaterials, and metasurface devices [47-68].   
 For example, the plasmonic nanopatch antenna can be used to enhance several nonlinear 
optical processes. It exhibits robust scattering response, which can be controlled by the material 
placed at the nanogap, combined with strong field enhancement at this nanoregion [28-30]. The 
design of a nonlinear plasmonic nanopatch antenna is presented in Figure 7a [66]. It is built by a 
silver nanocube with height l=80nm. The metallic nanocube is separated with the silver substrate 
by a thin spacer layer with thickness g=2nm. This spacer layer is made of Kerr nonlinear optical 
material χ(3) with relative permittivity given by the relationship: ε = εL + χ(3) ׀E׀2, where εL=2.2, 
and χ(3)  = 4.4 × 10-18 m2 /V2 [66]. This nonlinear material can be either semiconductor or 
polymer. The metallic silver substrate has height h=50nm and is placed above a glass semi-
infinite slab with refractive index n=1.47. In this review paper, the nonlinear analysis of the film 
coupled nonlinear nanopatch antenna is limited to third order Kerr nonlinear effects in order to 
demonstrate optical hysteresis and all-optical switching processes. However, this structure can 
also have other nonlinear applications, such as enhanced second/third harmonic generation and 
four wave mixing. Note that the metallic parts of the plasmonic nanopatch antenna are simulated 
using the experimentally measured permittivity of silver [69]. 
 
 
Figure 7. (a) Film coupled nonlinear nanopatch antenna. (b) SCS efficiency of the linear 
nanopatch antenna varying with the radiation wavelength. The amplitude of the field 
enhancement at the resonance is presented in the inset [66]. 
 
First, linear full-wave simulations of the nanopatch antenna system are performed after 
loading its thin spacer layer with a dielectric material having permittivity εL = 2.2 and zero 
nonlinear part (χ(3) =0). The dimensions of the nanoantenna are given in the previous paragraph. 
The scattering cross section (SCS) efficiency response at the linear operation is presented in 
Figure 7b. This result demonstrates a sharp narrowband scattering signature with a resonant 
scattering peak around 1.07 um. Standing waves are rapidly built inside the nanogap at this 
resonant frequency. The enhanced localized electric field amplitude distribution at the nanogap 
can be seen in the inset of Figure 7b. It has a maximum enhancement factor of 200. 
Next, Kerr nonlinear χ(3) material is loaded in the spacer layer to obtain bistable scattering 
response [66]. The intensity dependent permittivity of the Kerr nonlinear material is enhanced at 
the resonant frequency due to the ultrastrong fields confined at the nanogap. This enhancement 
will naturally lead to boosted nonlinear optical processes. Indeed, enhanced optical hysteresis 
and all-optical switching responses are obtained in Figures 8a and 8b, where the SCS efficiency 
as a function of wavelength and input pump intensity is plotted, respectively. The dashed lines in 
both plots show the unstable branch of the predicted nonlinear response. This unstable branch is 
the third solution of the nonlinear problem under study and it always leads to unstable, i.e. not 
physical, optical responses which can never be excited. In Figure 8a, the input pump intensity is 
kept fixed at 1MW/cm2 and the SCS efficiency is plotted against the varying radiation’s 
wavelength. Strong bistable performance is achieved due to the boosted fields at the nonlinear 
material placed in the nanogap. The nonlinear response can be further enhanced in case the input 
pump intensity is increased. 
The SCS efficiency against the input pump intensity at a constant wavelength λ=1.105μm 
is presented in Figure 8b. The proposed nonlinear optical nanoantenna design demonstrates 
strong all optical scattering switching behavior as the input power is varied. It is interesting that 
the presented results are obtained with low incident radiation power. The SCS efficiency remains 
constantly low until the input pump intensity reaches the threshold value of 820 kW/cm2. The 
efficiency jumps up at this point and then it is kept constant as we further increase the input 
intensity. If we start decreasing the pump intensity below this threshold intensity, the nonlinear 
nanoantenna will keep its high SCS operation (see Figure 8b). When the input pump intensity is 
reduced below the lower threshold intensity of 180 kW/cm2, the SCS will abruptly return to its 
initial low value state, similar to the scattering performance in the beginning of the illumination. 
This behavior can be utilized to build an efficient nanoswitch with the OFF mode placed at the 
low scattering branch and the ON mode positioned at the high scattering state. 
 Figure 8. (a) SCS efficiency versus wavelength with the input intensity fixed at Iin = 1MW/cm2. 
(b) SCS efficiency versus input pump intensity for the wavelength fixed at λ=1.105μm [66]. 
 
 Optical bistability can also be obtained with other nonlinear nanoantenna configurations, 
such as nanodipole antenna arrays loaded with Kerr nonlinear materials at their nanogap [67]. In 
this set-up, the nonlinear performance can be further manipulated by the addition of a reflecting 
surface, which can be used to modify the coupling between the nanoantenna array and the 
incident light. Initially, we present the linear response of the nanoantenna array placed over a 
SiO2 substrate. A single silver dipolar nanoantenna loaded with polystyrene and placed above the 
SiO2 substrate is presented in Figure 9a. The nanoantenna arms are made of silver with 
80×20×20nm3 dimensions and are separated by 10nm gap. The gap is filled with polystyrene 
with refractive index n0=1.60 and the nanoantenna is placed over a substrate of SiO2 layer with 
refractive index n=1.55. The periodicity of the two dimensional array composed of these 
nanoantenna unit cells is 500nm in both in-plane directions. The total reflectance of this structure 
made of periodic silver nanodipoles is plotted as a function of wavelength in Figure 9b. The 
reflection response is calculated using the surface integral equation (SIE) technique [70, 71]. The 
SIE numerical method is particularly suited for the electromagnetic analysis of metallic and 
dielectric nanostructures with arbitrary shape [70, 71]. There is a strong increase in reflectance as 
the wavelength approaches 710nm, which corresponds to the resonant wavelength of the surface 
plasmon mode supported by the nanoantenna array.  
 
 Figure 9.  Linear response of the nanoantenna array. (a) Silver dipole nanoantenna loaded with 
polystyrene and placed over a SiO2 layer substrate. This is the unit cell of the proposed periodic 
nanoantenna array. (b) Reflectance as a function of wavelength of the nanoantenna array [67]. 
 
 The addition of a reflective surface below the nanoantenna array has a pronounced effect 
on its reflectance, which is now presented in Figure 10. In this case, a silver layer surface is 
added below the SiO2 substrate layer of the nanoantenna unit cell shown before in Figure 9a. The 
unit cell of this new system is demonstrated in Figure 10a. The thickness of the SiO2 substrate 
layer is denoted by d. The field intensity of the nanoantenna array unit cell at the incident 
resonant wavelength 710nm is also plotted in Figure 10a. The total reflectance of the 
nanoantenna array composed of the unit cell seen in Figure 10a is calculated as a function of the 
wavelength and is presented in Figure 10b for values of d ranging from 100nm to 200nm. The 
excitation of the surface plasmon resonance supported by the nanoantenna array leads to the 
formation of a pronounced dip at the reflectance spectra. Destructive interference of the incident 
and reflected wave is obtained at the nanoantenna position at the minimum reflection wavelength 
point. The coupling between the nanoantenna array and the incident electromagnetic wave is 
maximum at this frequency point and the surface plasmon resonance can be efficiently excited. 
The effect is analogous to Salisbury screens at microwave frequencies with the difference that 
the substrate’s thickness is slightly shorter than eff/4, since the incoming light penetrates into the 
silver reflector, which is not a perfect conductor at this wavelength, resulting in an additional 
phase shift. 
For the largest thickness substrate (d=200nm), the reflectance does not depend on the 
wavelength anymore and remains constant and equal to one in the entire spectrum. This happens 
because the destructive interference and the field intensity at the nanoantenna’s nanogap 
vanishes as the thickness of the substrate is increased. Hence, the surface plasmon resonance 
supported by this nanoantenna is not excited anymore and the total optical response is not 
modified, which leads to the flat reflectance spectrum for the case of 200nm thickness. The 
coupling between the nanoantenna array and the incident electromagnetic wave increases as we 
decrease the thickness d of the dielectric substrate.  
 
 
Figure 10. (a) Field intensity distribution of the nanoantenna unit cell placed over a SiO2 
substrate with thickness d and a silver reflecting surface. The incident resonant wavelength is 
λ=710nm. (b) Reflectance of the nanoantenna array as a function of the wavelength for different 
substrate thicknesses [67]. 
 
Subsequently, we study the nonlinear Kerr effect of the nanoantenna array. Polystyrene is 
loaded into the nanoantenna gap and its nonlinear response is triggered when the input intensity 
of the impinging radiation is increased. To accurately describe the Kerr nonlinearity of this 
material, the refractive index of polystyrene is given as a function of intensity [46]: 𝑛 = 𝑛0 +
𝑛2𝐼, where n0 is the linear part of the refractive index, n2 is the nonlinear Kerr coefficient and I is 
the intensity inside the Kerr material loaded in the nanogap given by I=1/2ε0│E│2. The 
nonlinear Kerr coefficient is n2=1.14×10-12 cm2/W [46], ε0 is the permittivity of free space and E 
is the electric field inside the nanogap. The nonlinear coefficient n2 has positive value and the 
increase in the intensity of the input radiation will directly lead to an increase in the refractive 
index. Note that the nonlinear refractive index is an alternative expression of the nonlinear 
permittivity formula presented before. The dimensions of the nanoantenna array are the same 
with the linear case presented in the previous paragraph.  
The nonlinear optical response resulting from loading the Kerr nonlinear material in the 
gap of the nanoantenna array is calculated using the analytical method presented in [68]. The 
nonlinear reflectance as a function of the incident intensity, considering the nonlinear Kerr effect 
described before, is plotted in Figure 11 at three wavelengths 710nm, 730nm and 770nm, and for 
two different SiO2 thicknesses 100nm and 180nm. The first case shown in Figure 11a is for fixed 
input radiation wavelength at 710nm, corresponding to the surface plasmon resonance mode 
supported by the linear nanoantenna array, as it was shown before in Figure 10b. The reflectance 
increases as the incident radiation intensity increases for both considered SiO2 thicknesses. 
However, optical bistability is not supported at this wavelength, which is clearly shown in Figure 
11a. Next, we increase the wavelength to 730nm and observe the reflectance in Figure 11b as a 
function of the incident intensity. In this case and for 100nm thickness, again no optical 
bistability is observed, but for 180nm thickness strong optical bistability is observed in the 
reflectance spectrum. Finally, for 770nm wavelength input radiation, the reflectance is observed 
as a function of incident intensity in Figure 11c. Optical bistability is observed for both substrate 
thicknesses at this longer wavelength.  
 
 
Figure 11. Nonlinear reflectance as a function of incident radiation intensity of a nonlinear 
nanodipole array with SiO2 thicknesses 100nm (black line) and 180nm (red line) and at 
wavelengths: (a) 710nm, (b) 730nm, and (c) 770nm. Optical bistability is obtained due to the 
nonlinear Kerr effect of polystyrene which is loaded at the nanogap of each nanodipole [67]. 
 
3.3 Photodynamic applications of nanoantennas 
 
Nanoantennas enable unprecedented control and manipulation of optical fields at nanoscale 
regions. Due to these properties, they can boost the performance of photo-detection, light 
emission and photoluminescence [72-87]. Moreover, they can also enhance the fluorescence and 
spontaneous emission rates of different emitters, which can lead to new nanophotonic 
applications [28, 74]. In this section, we will present several enhanced photodynamic processes 
based on nanoantenna configurations and their potential applications. 
Emitters, like quantum dots and molecules, exhibit slow fluorescence and spontaneous 
emission rates. They cannot be used to create high speed optical communication components, 
such as ultrafast light-emitting diodes (LEDs) and other new optical sources. Recently, it was 
demonstrated that plasmonic nanopatch antennas are able to increase the inherent slow emission 
rates of these emitters [28, 74]. To enhance the spontaneous emission rates and to match their 
operation to high speed optical networks, the plasmonic nanopatch antenna system presented in 
Figure 12a was used [74]. In this configuration, the nanopatch antenna consists of a nanocube 
with 75nm size placed over a metallic thin film with thickness 50nm separated by a dielectric 
spacer layer of thickness 6nm where quantum dots are embedded, as shown in Figures 12a and 
12b. The formation of an ensemble of similar single quantum dots placed at the gap of the 
nanopatch antenna is also presented in Figure 12c. 
Modifying the photonic environment of these emitters with the use of plasmonic 
nanoantennas can lead to a rapid enhancement in their spontaneous emission rate, also known as 
Purcell factor. The enhancement in the local electric field at the nanopatch’s gap can be directly 
translated to a boosted Purcell factor. The spontaneous emission rate enhancement and the 
radiative quantum efficiency of this plasmonic nanopatch antenna is calculated with full-wave 
simulations [74] and is shown in Figures 12d and 12e. Very high spontaneous emission rates are 
obtained, especially at the corners of the plasmonic nanocube used to form the nanoantenna 
system. Furthermore, the radiative quantum efficiency remains high (~50%) even with small 
plasmonic gaps (9nm in this case) due to the exceptionally high field enhancement at the 
nanogap. The quantum efficiency is calculated as the ratio of radiative over total spontaneous 
emission rate. It quantifies the fraction of the emitter’s energy that is emitted as useful radiation 
and is not wasted in nonradiative (mainly thermal) processes. Thus, high radiative quantum 
efficiency is desirable for nanoantennas to be used as ultrafast and broadband optical 
communication components.  
 
 
Figure 12. Nanopatch antenna with quantum dots. (a) 3D structure. (b) Front view. (c) Random 
ensemble of single quantum dots combined with the nanopatch antenna. (d) Spontaneous 
emission rate enhancement distribution. (e) Radiative quantum efficiency distribution [74]. 
 
The dark field scattering and fluorescence spectra of the nanopatch antenna system are 
demonstrated in Figures 13a and 13b, respectively [74]. In addition, the simulated and 
experimental scattering spectra of this plasmonic system are measured and shown in Figures 13c 
and 13d, when the gap of the nanopatch antenna is loaded with a polymer layer or quantum dots, 
respectively. The fundamental resonant mode exhibits a Lorentzian lineshape in the scattering 
response when a single nanopatch antenna without quantum dots in the nanogap region is used 
(see Figure 13c). On the other hand, the scattering spectrum broadens when quantum dots are 
embedded in the nanogap, as presented in Figure 13d [74]. The broadening in the scattering 
spectrum is caused due to the inhomogeneous dielectric environment in the nanogap region of 
the nanoantenna. This nonuniform dielectric environment is resulted due to the random spatial 
distribution of the embedded quantum dots. Finally, the narrow fluorescence spectrum of this 
nanoantenna system is also plotted in Figure 13d (red line). 
 
 
Figure 13. Spectral properties of the nanopatch antenna. (a) Scattering and (b) fluorescence 
images showing individual nanopatch antennas as bright spots with different intensities. (c) The 
scattering spectrum of the nanopatch antenna with a polymer spacer. (d) The scattering spectrum 
of the nanopatch antenna with quantum dots embedded in the spacer layer. The fluorescence 
spectrum is also shown in this plot (red line) [74]. 
 
 The quantum dot fluorescence intensity is strongly enhanced by the coupling of quantum 
dots to plasmonic nanopatch antennas. It is presented in Figure 14a as a function of the average 
incident laser power for three different cases: quantum dots embedded in nanopatch antenna, 
quantum dots on glass substrate, and quantum dots on gold substrate. The intensity emitted from 
the quantum dots coupled to a single nanopatch antenna is substantially higher compared to the 
pure glass and gold substrate cases because strong fields are only induced with the nanoantenna 
configuration (Figure 14a). These strong fields are the main reason of the fluorescence 
enhancement in the nanoantenna/quantum dots plasmonic system. Note that quantum dots near 
the edges of the nanocube geometry experience higher field enhancement due to the shape of the 
resonant localized plasmon mode formed at the nanogap, as it was presented in previous 
sections. 
 
 
Figure 14. (a) Quantum dot fluorescence intensity as a function of the average incident laser 
power and (b) normalized time resolved fluorescence for three different configurations: quantum 
dots embedded in nanopatch antenna, quantum dots on gold substrate, and quantum dots on glass 
substrate [74]. 
 
Finally, the normalized time resolved fluorescence of the aforementioned structures 
(quantum dots embedded in nanopatch antenna, quantum dots on glass substrate, and quantum 
dots on gold substrate) is shown in Figure 14b. The enhancement in the spontaneous emission 
rate can be directly calculated by these time resolved fluorescence measurements. When 
quantum dots are coupled to the nanopatch antenna, the normalized fluorescence emission is 
drastically decreased in time compared to just placing quantum dots on glass or gold substrates. 
The substantial decrease in the fluorescence lifetime can be seen in Figure 14b. It is interesting 
that this rapid decrease in lifetime is accompanied by a simultaneous increase in the time-
integrated fluorescence intensity shown in Figure 14a. These are ideal conditions to create 
ultrafast light sources for new optical communication networks.  
Nanoantennas can also be used to enhance other reconfigurable photodynamic 
applications leading to the creation of efficient and ultracompact photoconductive optical 
switches, as it is presented in Figure 15 [75]. In this case, silver nanorods are used to build the 
suggested photoconductive nanodipole antenna (Figure 15). They have hemispherical end gap 
morphology. The nanodipole gap is loaded with amorphous silicon (a-Si) with a large electronic 
bandgap equal to 1.6eV. This large electronic bandgap is required in order to obtain an ultrafast 
tunable and reconfigurable response, which is important for optical switching applications. The 
substrate is not included in this geometry for simplicity. 
 
 
Figure 15. Reconfigurable switching operation of photoconductive nanoantenna. Operation at 
(a) switch "OFF" position and (b) switch "ON" position [75]. 
 
The a-Si material will have different properties when the doping level is increased. The 
tunable property of the material placed at the nanoantenna’s gap will lead to a transition between 
capacitive and conductive operations. In the unswitched (OFF) case (low doping level of a-Si), 
the reconfigurable nanodipole antenna supports a half wavelength resonance over each 
individual arm and not over its entire geometry, as it is shown in Figure 15a. The same 
nanoantenna in the switched (ON) case (high doping level of a-Si) is shown in Figure 15b. Now, 
it operates above the free carrier switching threshold limit of amorphous silicon. In this case, the 
nanoantenna arms are conductively coupled and the nanodipole antenna supports a half 
wavelength resonance over the entire antenna length, similar to the usual dipole operation.  
Nanostructured plasmonic nanoantennas can also be utilized for improved optical sensing 
and imaging applications, including surface-enhanced fluorescence and Raman scattering [79]. 
The surface enhanced fluorescence technique is based upon the design of particular engineered 
surfaces, such as nanoantenna arrays, in the vicinity of different emitters. These surfaces modify 
and control the local electromagnetic environment surrounding the emitter. This gives rise to an 
overall improvement in the fluorescence detection efficiency, similar to the nanopatch/quantum 
dot plasmonic system presented before. Raman scattering can also be boosted by nanoantennas 
[87]. This process is based on the inelastic scattering of photons, whose energy changes 
according to the vibration energy of a molecule. Moreover, optical nanoantennas can be used to 
enhance the efficiency of photovoltaic devices, i.e. for solar energy harvesting applications [80-
81]. They have the potential to improve the absorption of solar radiation and lead to new 
plasmonic solar cell designs [88]. For example, an array of silicon or plasmonic nanowires can 
be patterned inside a thin film photovoltaic cell to boost the overall absorption of solar radiation 
while utilizing less than half of the required semiconductor material [81].  
Another interesting application of optical nanoantennas will be in biological imaging. 
The schematic illustration of fluorescently labeled antibodies imaged by a nanoantenna probe is 
shown in Figures 16a and 16b [85]. The fluorescence patterns have different sizes and shapes, 
which originate from dissimilar antibody aggregates as they lie on the glass substrate. Lastly, 
optical antenna sensors can be helpful in spectroscopic applications [86]. For instance, the 
directivity enhanced Raman scattering using nanoantennas was demonstrated in [86].  
 
 
Figure 16. Nanoantenna applications in biological imaging. (a) Schematic illustration of imaging 
with probe based nanoantennas. (b) Florescence imaging with probe based nanoantennas. The 
geometry of the nanoantenna probe is shown in the inset [85].  
 
4 Conclusions 
 
We have reviewed several recent advances and applications of plasmonic nanoantennas. 
In particular, our review paper was focused on linear and nonlinear nanoantennas and their 
photodynamic applications. The ability to tailor the scattering response of nanoantennas using 
nanoloads has been reported. Furthermore, it was demonstrated that nonlinear plasmonic 
antennas are ideal candidates to build all-optical switching devices. Nanoantennas also hold 
promise for new optoelectronic and quantum information applications. In addition, 
photodynamic effects can be drastically enhanced with these plasmonic systems. Recently, the 
concept of plasmonic nanoantennas has also been extended to ultraviolet (UV) wavelengths with 
the use of aluminum nanorods [89] and plasmonic nanoparticles [90]. Finally, nanoantenna 
arrays can create compact metasurfaces [91-94], a new exciting research area which promises to 
revolutionize the practical applications of optical metamaterials. These new research fields are 
still in their infancy and innovative concepts and applications are expected to emerge in the near 
future. 
 
Acknowledgements.  This work was partially supported by the Office of Research and Economic 
Development at University of Nebraska-Lincoln. 
 
References 
 
1. R. W. P. King, C. W. Harrison, Antennas and Waves: A Modern Approach (MIT Press, 
Cambridge, Massachusetts, 1969). 
2. C. A. Balanis, Antenna Theory (Wiley, New York, 1996). 
3. D.M Pozar, D.H. Schaubert, Microstrip Antennas: The Analysis and Design of Microstrip 
Antennas and Arrays ( IEEE Press, New York, 1995) 
4. K. L. Wong,  Planar antennas for wireless communications (Wiley-Interscience, 2003) 
5. S. A. Schelkunoff, H. T. Friis, Antennas: theory and practice (New York: Wiley, 1952)  
6. S. K. Patel, Y. Kosta, Triband microstrip based radiating structure design using split ring 
resonator and complementary split ring resonator. Microwave and Optical Technology 
Letters 55 (2013) 2219-2222.  
7. S. K. Patel, Y. Kosta, Investigation on radiation improvement of corner truncated triband 
square microstrip patch antenna with double negative material. Journal of Electromagnetic 
Waves and Applications 27 (2013) 819-833. 
8. S. K. Patel, Y. Kosta, Dualband parasitic metamaterial square microstrip patch antenna 
design. International Journal of Ultra Wideband Communications and Systems 2 (2012) 225-
232. 
9. R. W. Ziolkowski, A. D. Kipple, Application of double negative materials to increase the 
power radiated by electrically small antennas, IEEE Transactions on Antennas and 
Propagation 51 (2003) 2626-2640. 
10. K. Fujimoto, Small antennas (John Wiley & Sons, Inc., 1987) 
11. A. Alu, F. Bilotti, N. Engheta, L. Vegni, Subwavelength, compact, resonant patch antennas 
loaded with metamaterials, IEEE Transactions on Antennas and Propagation 55 (2007) 13-
25. 
12. W. L. Barnes, A. Dereux, T. W. Ebbesen, Surface plasmon subwavelength optics, Nature 424 
(2003) 824. 
13. E. Ozbay, Plasmonics: merging photonics and electronics at nanoscale dimensions, Science 
311 (2006) 189.  
14. A. Sundaramurthy, K. B. Crozier, G. S. Kino, Field enhancement and gap dependent 
resonance in a system of two opposing tip-to-tip Au nanotriangles, Physical Review B 72 
(2005) 165409.  
15. L. Novotny, Effective wavelength scaling for optical antennas, Physical Review Letters 98 
(2007) 266802.  
16. G. W. Bryant, F. J. García de Abajo, J. Aizpurua, Mapping the plasmon resonances of 
metallic nanoantennas, Nano Letters 8 (2008) 601.  
17. A. Alù, N. Engheta, Input impedance, nanocircuit loading, and radiation tuning of optical 
nanoantennas, Physical Review Letters 101 (2008) 043901.   
18. J.-J. Greffet, M. Laroche, F. Marquier, Impedance of a nanoantenna and a single quantum 
emitter, Physical Review Letters 105 (2010) 117701. 
19.  M. Brongersma, Engineering optical nanoantennas, Nature Photonics 2 (2008) 270. 
20. T. Zentgraf, T. P. Meyrath, A. Seidel, S. Kaiser, H. Giessen, C. Rockstuhl, F. Lederer, 
Babinet’s principle for optical frequency metamaterials and nanoantennas, Physical Review 
B 76 (2007) 033407. 
21.  J.-S. Huang, T. Feichtner, P. Biagioni, B. Hecht, Impedance matching and emission 
properties of nanoantennas in an optical nanocircuit, Nano Letters 9 (2009) 1897. 
22.  J. Li, A. Salandrino,  N. Engheta, Shaping light beams in the nanometer scale: A Yagi-Uda 
nanoantenna in the optical domain, Physical Review B 76 (2007) 245403. 
23. H. Wong, K.-M. Mak, K.-M. Luk, Directional wideband shorted bowtie antenna, Microwave 
and Optical Technology Letters 48 (2006) 1670-1672.  
24. A. Kinkhabwala, Z. Yu, S. Fan, Y. Avlasevich, K. Müllen, W. E Moerner, Large single-
molecule fluorescence enhancements produced by a bowtie nanoantenna, Nature Photonics 3 
(2009) 654-657. 
25. A. G. Curto, G. Volpe, T. H. Taminiau, M. P. Kreuzer, R. Quidant, N. F. van Hulst, 
Unidirectional emission of a quantum dot coupled to a nanoantenna, Science 329 (2010) 
930–933. 
26. P. J. Schuck, D. P. Fromm, A. Sundaramurthy, G. S. Kino, W. E. Moerner, Improving the 
mismatch between light and nanoscale objects with gold bowtie nanoantennas, Physics 
Review Letters 94 (2005) 017402.  
27. T. Kosako, Y. Kadoya, H. F. Hofmann, Directional control of light by a nano-optical Yagi–
Uda antenna, Nature Photonics 4 (2010) 312-315. 
28. G. M. Akselrod,   C. Argyropoulos, T. B. Hoang, C. Ciracì, C. Fang, J. Huang, D. R. Smith, 
M. H. Mikkelsen, Probing the mechanisms of large Purcell enhancement in plasmonic 
nanoantennas. Nature Photonics 8 (2014) 835-840. 
29. A. Moreau, C. Ciracì, J. J. Mock, R. T. Hill, Q. Wang, B. J. Wiley, A. Chilkoti, D. R. Smith, 
Controlled-reflectance surfaces with film-coupled colloidal nanoantennas, Nature 492 (2012) 
86. 
30. J. B. Lassiter,   F. McGuire, J. J. Mock, C. Ciracì, R. T Hill, B. J. Wiley, A. Chilkoti, D. 
R. Smith, Plasmonic waveguide modes of film-coupled metallic nanocubes, Nano letters 13 
(2013) 5866. 
31. A. Alu, N. Engheta, Tuning the scattering response of optical nanoantennas with nanocircuit 
loads, Nature Photonics 2 (2008) 307-310. 
32. P. Biagioni, J. S. Huang, B. Hecht, Nanoantennas for visible and infrared radiation, Reports 
on Progress in Physics, 75 (2012) 024402. 
33. L. Novotny, N. Van Hulst, Antennas for light, Nature Photonics 5 (2011) 83-90.  
34. J. H. Kang, D. S. Kim, Q-Han Park, Local capacitor model for plasmonic electric field 
enhancement, Physical Review Letters 102 (2009) 093906.  
35. K. B. Crozier, A. Sundaramurthy, G. S. Kino, C. F. Quate, Optical antennas: Resonators for 
local field enhancement, Journal of  Applied Physics 94 (2003) 4632–4642.  
36.  J. Aizpurua, G. W. Bryant, L. J. Richter, F. G. De Abajo, B. K. Kelley, T. Mallouk, Optical 
properties of coupled metallic nanorods for field-enhanced spectroscopy, Physics Review B 
71 (2005) 235420. 
37. E. Cubukcu, E. A. Kort, K. B. Crozier, F. Capasso, Plasmonic laser antenna, Applied Physics 
Letters 89 (2006) 093120. 
38. E. K. Payne, K. L. Shuford, S. Park, G. C. Schatz, C. A. Mirkin,  Multipole plasmon 
resonances in gold nanorods, Journal of Physical Chemistry B 110 (2006) 2150–2154. 
39. P. J. Burke, S. Li, Z. Yu, Quantitative theory of nanowire and nanotube antenna performance, 
IEEE Transactions on Nanotechnology, 5 (2006) 314–334. 
40. G. W. Hanson, On the applicability of the surface impedance integral equation for optical 
and near infrared copper dipole antennas, IEEE Transactions on Antennas and Propagation 
54 (2006) 3677–3685. 
41. P. Muhlschlegel, H. J. Eisler, O. J. F. Martin, B. Hecht, D. W. Pohl, Resonant optical 
antennas, Science 308 (2005) 1607–1609. 
42. A. Alu, N. Engheta, Wireless at the nanoscale: optical interconnects using matched 
nanoantennas, Physical Review Letters 104 (2010) 213902. 
43. N. Engheta, A. Salandrino, A. Alù, Circuit elements at optical frequencies: Nanoinductors, 
nanocapacitors, and nanoresistors, Physical Review Letters 95 (2005) 095504.  
44. P. A. Franken, A. E. Hill, C. E. Peters, G. Weinreich, Generation of optical 
harmonics, Physical Review Letters 7 (1961) 118. 
45. Y-R. Shen, Principles of nonlinear optics (Wiley-Interscience, New York, USA 1984). 
46. R. W. Boyd, Nonlinear Optics (Academic Press, San Diego, CA, 2006). 
47. A. Alu, M. Agio, Optical antennas (Chapter 8, Nonlinear Optical Antennas, H. Harutyunyan, 
G. Volpe. and. L. Novotny, Cambridge University Press, 2012). 
48. M. Kauranen, A. V. Zayats. Nonlinear plasmonics, Nature Photonics 6 (2012) 737-748. 
49. W. Fan, S. Zhang, N.-C. Panoiu, A. Abdenour, S. Krishna, R. M. Osgood, Jr., K. J. Malloy, 
S. R. J. Brueck, Second harmonic generation from a nanopatterned isotropic nonlinear 
material, Nano Letters 6 (2006) 1027-1030. 
50. M. W. Klein, C. Enkrich, M. Wegener, S. Linden, Second-harmonic generation from 
magnetic metamaterials, Science 313 (2006) 502–504.  
51. F. Niesler, N. Feth, S. Linden, J. Niegemann, J. Gieseler, K. Busch, M. Wegener, Second-
harmonic generation from split-ring resonators on a gaas substrate, Optics Letters 34 (2009) 
1997–1999.  
52. H. Suchowski, K. O’Brien, Z. J. Wong, A. Salandrino, X. Yin, X. Zhang, Phase Mismatch-
Free Nonlinear Propagation in Optical Zero-Index Materials, Science 342 (2013) 1223–
1226.  
53. K. O’Brien, H. Suchowski, J. Rho, A. Salandrino, B. Kante1, X. Yin, and X. Zhang, 
Predicting nonlinear properties of metamaterials from the linear response, Nature Materials, 
14  (2015) 379–383. 
54. S. Lan , L. Kang , D. T. Schoen, S. P. Rodrigues, Y. Cui, M. L. Brongersma, W. Cai, 
Backward phase-matching for nonlinear optical generation in negative-index materials, 
Nature Materials, 14 (2015) 807–311. 
55. M. Celebrano, X. Wu, M. Baselli, S. Grossmann, P. Biagioni, A. Locatelli, C. De Angelis, G. 
Cerullo, R. Osellame, B. Hecht, F. Ciccacci, M. Finazzi, Mode matching in multiresonant 
plasmonic nanoantennas for enhanced second harmonic generation, Nature Nanotechnology 
10 (2015) 412.  
56. N. Segal, S. Keren-Zur, N. Hendler, T. Ellenbogen, Controlling light with metamaterial-
based nonlinear photonic crystals, Nature Photonics 9 (2015) 180. 
57. J. Lee, M. Tymchenko, C. Argyropoulos, P.-Y. Chen, F. Lu, F. Demmerle, G. Boehm, M.-C. 
Amann, A. Alù, M. A. Belkin, Giant nonlinear response from plasmonic metasurfaces 
coupled to intersubband polaritons, Nature 511 (2014) 65–69.   
58. C. Argyropoulos, P.-Y. Chen, G. D’Aguanno, A. Alù, Temporal soliton excitation in an ε-
near-zero plasmonic metamaterial, Optics Letters 39 (2014) 5566-5569.    
59. C. Argyropoulos, G. D’Aguanno, A. Alù, Giant second harmonic generation efficiency and 
ideal phase matching with a double e-near-zero cross-slit metamaterial, Physical Review B 
89 (2014) 235401. 
60. C. Argyropoulos, P. Y. Chen, A. Alù, Enhanced Nonlinear Effects in Metamaterials and 
Plasmonics, Advanced Electromagnetics, 1 (2012) 46-51. 
61. P. Y. Chen, A. Alu, Optical nanoantenna arrays loaded with nonlinear materials, Physical 
Review B 82 (2010) 235405. 
62. C. Argyropoulos, P. Y. Chen, G. D’Aguanno,, N. Engheta,  A. Alu, Boosting optical 
nonlinearities in ε-near-zero plasmonic channels, Physical Review B 85 (2012) 045129. 
63. C. Argyropoulos, P. Y. Chen, F. Monticone, G. D’Aguanno,  A. Alu, Nonlinear plasmonic 
cloaks to realize giant all-optical scattering switching, Physical Review Letters, 108 (2012) 
263905. 
64. P. Y. Chen, C. Argyropoulos, A. Alu, Enhanced nonlinearities using plasmonic 
nanoantennas, Nanophotonics 1 (2012) 221–233. 
65. K. D. Ko, A. Kumar, K. H. Fung, R. Ambekar, G. L. Liu, N. X. Fang, K. C, Toussaint Jr, 
Nonlinear optical response from arrays of Au bowtie nanoantennas, Nano Letters 11 (2010), 
61-65. 
66. C. Argyropoulos, C. Ciracì, D. R. Smith, Enhanced optical bistability with film-coupled 
plasmonic nanocubes, Applied Physics Letters 104 (2014) 063108. 
67. J. Butet, O. J. Martin, Manipulating the optical bistability in a nonlinear plasmonic 
nanoantenna array with a reflecting surface, Plasmonics 10 (2015) 203-209. 
68. F. Zhou,  Y. Liu, Z-Y Li, Y. Xia, Analytical model for optical bistability in nonlinear metal 
nano-antennae involving Kerr materials, Optics express 18 (2010) 13337-13344. 
69. E. D. Palik, Handbook of Optical Constants of Solids (Academic Press, New York, 1985). 
70. B. Gallinet, A. M. Kern, O. J. Martin, Accurate and versatile modeling of electromagnetic 
scattering on periodic nanostructures with a surface integral approach, Journal of Optical 
Society of America A 27 (2010) 2261–2271. 
71. B. Gallinet, O. J. Martin, Scattering on plasmonic nanostructures arrays modeled with a 
surface integral formulation, Photonics and Nanostructures-Fundamentals and Applications 8 
(2010) 278–284. 
72. A. L. Lereu, J. P. Hoogenboom, N. F. van Hulst, Gap nanoantennas toward molecular 
plasmonic devices,  International Journal of Optics 2012 (2012) 502930. 
73. C. Ciracì, A. Rose, C. Argyropoulos, D. R. Smith, Numerical Studies of the Modification of 
Photodynamic Processes by Film-Coupled Plasmonic Nanoparticles, Journal of Optical 
Society of America B 31 (2014) 2601-2607 
74. T. B. Hoang, G.M. Akselrod, C. Argyropoulos, J. Huang, D. R. Smith, M. H. Mikkelsen, 
Ultrafast spontaneous emission source using plasmonic nanoantennas, Nature 
Communications 6 (2015) 7788. 
75. N. Large, M. Abb, J. Aizpurua, O. L. Muskens, Photoconductively loaded plasmonic 
nanoantenna as building block for ultracompact optical switches. Nano Letters, 10 (2010) 
1741-1746. 
76. B. J. Roxworthy, K. D. Ko, A. Kumar, K. H. Fung, E. KC Chow, G. L. Liu, N. X. Fang, and 
K. C. Toussaint Jr., Application of plasmonic bowtie nanoantenna arrays for optical trapping, 
stacking, and sorting. Nano letters, 12 (2012) 796-801. 
77. B. Hecht, B. Sick, U. P. Wild, V. Deckert, R. Zenobi, O. JF Martin, D. W. Pohl., Scanning 
near-field optical microscopy with aperture probes: Fundamentals and applications, Journal 
of Chemical Physics, 112 (2000) 7761–7774. 
78. M A Paesler, P J Moyer,  Near-Field Optics: Theory, Instrumentation, and Applications 
(New York: Wiley–Interscience, 1996)  
79. K. A. Willets, R. P. Van Duyne, Localized surface plasmon resonance spectroscopy and 
sensing, Annual Review of Physical Chemistry 58 (2007) 267-297.  
80. I. Kocakarin, K. Yegin, Glass superstrate nanoantennas for infrared energy harvesting 
applications, International Journal of Antennas and Propagation, 2013 (2013) 245960. 
81. L. Cao, P. Fan, A. P. Vasudev, J. S. White, Z. Yu, W. Cai, J. A. Schuller, S. Fan, M. L. 
Brongersma, Semiconductor nanowire optical antenna solar absorbers. Nano letters 10 
(2010) 439-445. 
82. S Kawata, Nano-Optics (Springer Series in Optical Sciences vol 84, Berlin: Springer, 2002) 
83. J. Alda, J. M. Rico-García, J. M. López-Alonso, G. Boreman, Optical antennas for nano-
photonic applications. Nanotechnology 16 (2005) S230. 
84. G. M. Akselrod, T. Ming, C. Argyropoulos, T. B. Hoang, Y. Lin, X. Ling, D. R. Smith, J. 
Kong, M. H. Mikkelsen, Leveraging Nanocavity Harmonics for Control of Optical Processes 
in 2D Semiconductors, Nano Letters 15 (2015) 3578–3584. 
85. T. S. van Zanten, M. J. Lopez‐Bosque, M. F. Garcia‐Parajo, Imaging individual proteins and 
nanodomains on intact cell membranes with a probe based optical antenna, Small 6 (2010), 
270-275. 
86. A. Ahmed, R. Gordon, Directivity enhanced Raman spectroscopy using nanoantennas, Nano 
letters 11 (2011) 1800-1803. 
87. P. Kühler, E.-M. Roller, R. Schreiber, T. Liedl, T. Lohmüller, J. Feldmann, Plasmonic DNA-
Origami Nanoantennas for Surface-Enhanced Raman Spectroscopy, Nano Letters 14 
(2014) 2914. 
88. H. A. Atwater, A. Polman, Plasmonics for improved photovoltaic devices, Nature Materials 9 
(2010) 205–213. 
89. M. W. Knight, L. Liu, Y. Wang, L. Brown, S. Mukherjee, N. S. King, H. O. Everitt, P. 
Nordlander N. J. Halas, Aluminum plasmonic nanoantennas, Nano letters, 12 (2012) 6000-
6004. 
90. C. Argyropoulos, F. Monticone, G. D'Aguanno, A. Alu, Plasmonic nanoparticles and 
metasurfaces to realize Fano spectra at ultraviolet wavelengths, Applied Physics Letters, 103 
(2013) 143113. 
91. N. Yu, P. Genevet, F. Aieta, M. Kats, R. Blanchard, G. Aoust, J. Tetienne, Z. Gaburro, and F. 
Capasso, Flat optics: Controlling wavefronts with optical antenna metasurfaces, IEEE 
Journal of Selected Topics in Quantum Electronics, 19 (2013) 4700423. 
92. F. Monticone, A. Alu, Metamaterials and plasmonics: From nanoparticles to nanoantenna 
arrays, metasurfaces, and metamaterials, Chinese Physics B, 23 (2014) 047809. 
93. N. Yu, F.  Capasso, Flat optics with designer metasurfaces, Nature Materials 13 (2014) 139-
150. 
94. N. Meinzer, W. L. Barnes, and I. R. Hooper, Plasmonic meta-atoms and metasurfaces, 
Nature Photonics 8 (2014) 889–898. 
